INTRODUCTION
The environmental conditions of aircraft flight are one of important causes that lead to flight accidents, especially in windshear field and ice accretion inflight.
Low-altitude windshear severely jeopardises the safety of the aircraft during take-off and landing. The previous researches demonstrated that the most effective strategy against windshear is escape maneuvering. When an aircraft encounters windshear, the escape or penetration maneuvering should be initiated immediately. Significant hazard to aircraft and nonlinear flight dynamics feature have been involved for a severe low-altitude windshear field (see Fig. 1 ). In such cases the traditional linear method based on smalldisturbance theory is not feasible during the development of penetration or escape control logic. Before the 1990s the linear method was playing a major role in the windshear researches. However, with the development and application of nonlinear inverse dynamics (NID) method (1, 2) , more effective windshear penetration or escape strategies based on the physical essence of windshear have appeared in recent years (3) (4) (5) (6) . The NID method, by employing the localised information (like the wind velocity and its first and second order derivatives) for feedback, accomplishes the feedback decou-
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NOMENCLATURE
Ac non-dimensional mass flux C (A) arbitrary performance or stability and control derivative
freezing fraction effect on drag H E specific energy k 1 -k 7 NID feedback gains K C A coefficient icing factor constant K′ C A coefficient icing factor LWC liquid water content
The inverse dynamics of Equations (1) and (2) are constructed by differentiating the individual elements of y a sufficient number of times until a term containing u appears. Also every element in system output vector can be made a sufficient differentiation until u appears in the expression. Assume output matrix C takes the following form
. . . (6) y i and its derivatives are
By differentiating the ith element of y a d i times until u appears in the expression of differentiation, the d i can be determined as After differentiating the m elements of output vector y, each the appropriate number of times, the output dynamics can be represented as
Let y (d) = ν ν and from Equation (12), the NID control law is transferred as
Substitute Equation (13) into Equation (1), the original system can be expressed as follows
Therefore, the original non-linear system is transformed into a pseudo-linear system, and the new state vector y (d) is decoupled by new control input ν ν.
Mathematical model of the dynamic system in windshear penetration

Aircraft equations of motion
The aircraft equations of motion used here is nonlinear three-degreeof-freedom motion, the effects of windshear on the aircraft motion and aerodynamics are modeled as described in Ref.
2.
pling of the flight management system so as to achieve real-time/online control. With all of things, it will be easier for pilots to identify the hazardous windshear and take right escape or penetration strategy accordingly. Aircraft icing is a phenomenon that the ice accretes on some part of aircraft surface. Recent commuter aircraft icing accidents highlight the need for the improved safety. The primary cause of these accidents was the effect of ice on aircraft stability and control. With the increasing growth in airline traffic, the need to address aircraft icing and its effects on aircraft handling qualities is apparent. For all aircraft, ice avoidance is a desirable goal for increased safety. However, for commercial aircraft, where revenue and schedules must be maintained, icing tolerance will be a preferred method. The essential influence of ice accretion on aircraft flight dynamics is that it can change the aerodynamic coefficients and derivatives of aircraft. As for this problem, aerodynamic coefficients and derivatives were often obtained by using flight data with icing condition. A mature method to handle flight performance and quality parameters using flight data is MSR (modified stepwise regression) method (7) , another one is using computational fluid dynamics and tunnel experiment method to get aerodynamic coefficients and derivatives of iced aircraft (8) . These methods need large calculations, cost too much and have limit precision. In this paper, ice severity parameter is imported into flight dynamics model to calculate the aerodynamic coefficients and derivatives. Furthermore, the flight envelope, stability and control characteristics for clean and iced aircraft are obtained, such as eigenvalues of longitudinal and lateral mode and elevator, aileron and rudder step responses.
THEORETICAL AND COMPUTATIONAL METHOD
The NID method
A typical non-linear dynamics system can be described as follows (5) x ⋅ ⋅ = A(x) + B(x) ⋅ u . . . (1) where x is n × 1 system state vector, u is the m × 1 system control vector, y is m × 1 system output vector; A(x) is n × 1 vector, B(x) is n × m matrix. The output vector can be defined as follow:
Where C is n × m matrix with constant elements m ≤ n. By employing the following method, it is possible to provide the output decoupling of the elements y or their derivatives (y i 
. . .
NID control law of flight trajectory
The objective of NID controller is to put the airplane's altitude changing rate and speed under proper control. The output vector is
Because the pitch rate evolves faster than the flight path and velocity, the NID controller could be simplified by partitioning it into two subsystems: the slow outer loop controller and rapid inner loop controller, as shown in Fig. 3 .
Outer loop dynamics
The function of this subsystem is to generate commanded thrust T c and commanded pitch rate q c (i.e. the optimised thrust value and the optimised pitch rate value at this moment) according to the current altitude changing rate h ⋅ and airspeed V a . On the basis of q c generated in outer loop, the inner loop controller calculates the corresponding elevator deflection δ c , and adjust elevator deflection accordingly.
To obtain the decoupling of the outer loop controller, one differentiates Equation (20) twice and gets From Equation (21), the input for NID controller is Also, it could be expressed as Presently, proportional-integral-derivative (PID) control is used. Thus,
Mathematical model of engines
The mathematical model of Airbus A300 engine system with the consideration of delay effect is expressed as
Where the derivative T ⋅ = dT/dt is not only determined by the current value of thrust T, but also by the difference between the current thrust and the expected thrust ∆T = T com -T. T ⋅ could be obtained from the Fig. 2 .
Where the constant τ = 1⋅25s during accelerating, and τ = 2⋅25s while decelerating, which is no object of study in this paper, because the key factor for survival during the encounter of windshear is to increase the thrust to maximum value as soon as possible. If T ⋅ from Equation (17) is within the range of the thrust characteristic curve in Fig. 2 , then this value could be directly used for the thrust integration program, otherwise the limit value of T ⋅ corresponding to the current thrust T will be used.
Engineering windshear model
Based on the microburst numerical simulation, the engineering windshear model is expressed as Ref. 6 The level wind speed
The vertical wind speed
Where w xmax is the maximum value of out flow speed, and r m and h m are the corresponding radius and altitude. By changing the values of these three parameters, microburst models with different intensities and ranges could be obtained conveniently. This model can only be applied to the situations within r ≤ 2,000m, h ≤ 500m, and r = x-R 0 , R 0 = 2km. k is set to 0⋅1 in Equation (32).
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The iced aircraft model development
Calculation of drag coefficient with ice accretion
According to wind tunnel experiment results, the drag coefficient is function of time. When ice accretion time t is less than ten minutes, the drag coefficient can be shown as Ref. 9 .
Where z 1 is a constant, A c is a non-dimensional mass flux:
V is the freestream velocity, LWC is the liquid water content, c is the chord length of the aerofoil, ρ ice is the density of ice and t is the time of exposure; E is the collection efficiency: m imp is mass of water droplets impinging, m p is mass of water seen in the body projected area; n is the fraction of water freezing at a point on a surface to the water impinging on the surface: m f is mass of water freezing.
The function g(n) varies linearly with n, peaking at a value of n = 0⋅2, when n < 0⋅2 it increases and it decreases when n > 0⋅2.
When the exposure time t > 10 min, the equation for the drag coefficient ∆C d is Ref. 10 .
Where z 2 and z 3 are constants based in part on the calculated value of ∆C d at t = 10 min.
Calculation of maximum lift coefficient C Lmax with ice accretion
According to experiment results, C Lmax can be expressed as linear function of lift coefficient and drag coefficient at a specified low angle-of-attack
Where k l and k d are proportional coefficient; C L, iced is lift coefficient with ice accretion; C L, clean is lift coefficient of clean aircraft; C d, iced is drag coefficient with ice accretion at a specified lift coefficient; C d, clean is drag coefficient of clean aircraft.
Calculation of derivatives with ice accretion
A simple, but physically representative model of the effect of ice on aircraft flight mechanics is cited to express derivatives with ice accretion as Refs 9 and 10.
In this equation, C (A) is any stability or control parameter or derivatives of clean aircraft; C (A)iced is such value when C (A) is affected by ice accretion; η ice is an icing severity parameter, and represents the amount and severity of the icing encounter, it is only the function of
Where h ⋅ com (t) and v acom (t) are the commanded altitude rate and initial speed, respectively. By choosing the gains k i (i = 1, 2, …,6) appropriately (see Table 1 ), the outer loop response of the aircraft can be shaped as desired.
Inner loop dynamics
By defining, the objective of inner loop controller is to regulate to zero. The inner loop dynamics takes the form
By choosing gains k 7 appropriately, a sufficiently small τ inner and a sufficiently fast inner loop response can be achieved. The necessary elevator deflection corresponding to ∆q ⋅ is expressed as below
Where I yy is moment of inertial around the axis y.
Scheduling of commanded air speed and climb rate
As shown in Equation (24) and (25), to determine the value of h(t) and V a (t), the NID controller needs the input of the commanded v acom (t) and h ⋅ com (t). To obtain adequate climbing performance, the value of v acom (t) is made equal to V ks . According to OTA (optimal trajectory analysis) method, the most effective strategy to determine the value of h ⋅ com (t) during the recovery maneuver through windshear is to schedule the target climb rate as a function of the potential climb rate H ⋅ E . In such a way the climb rate is determined according to the windshear strength and the energy level of the aircraft. Assuming negligible energy loss when transformation between kinetic energy and potential energy, the potential climb rate H ⋅ E is equal to the changing rate of specific energy and is given by Specific energy
Potential climb rate
Potential flight-path angle γ ip is determined through the relation
If, H ⋅ E > 0, γ ip > 0 (implying no or weak windshear), then NID controller will schedule the aircraft climb smoothly. If H ⋅ E < 0, γ ip < 0, (implying a strong windshear), then NID controller will target a flight-path angle as k ⋅ γ ip , and the corresponding target climb rate is k ⋅ H ⋅ E (k could be varied from 0 to 1). For the sample passenger jet A300 in this paper, during take-off manoeuver, h ⋅ com can be defined as
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2 (1 ) ( 10 min)
. . . 
{ η ice except the chord and velocity corresponding to the aircraft and conditions being examined are used in the numerator. Thus the formation of iced derivatives is
Determination of function g(n)
In course of calculating the drag coefficient rise with ice accretion, the function g(n) needs to be determined. In this paper, the formulation of g(n) is constructed for the first time according to experimental data of in Ref. 9 , the equation of g(n) is as follows
Iced aircraft flight dynamics model
The derivatives C (A)iced are imported into the small perturbation model of aircraft instead of derivatives of clean aircraft (C (A) ). By using this model, the stability and control characteristics of clean and iced aircraft can be captured.
CALCULATIONS AND SIMULATION RESULTS
Simulation results in the windshear penetration
The aircraft for simulation is Airbus-300B2, which is initialised while encountering microburst during take-off manoeuver. Important parameters of aircraft state are under study in this situation. To demonstrate the adaptability of NID method, all those parameters are calculated in microburst with three different intensities (Wxm = 15ms -1 , Wxm = 18ms -1 , Wxm = 21ms -1 ).
The initial conditions for take-off manoeuver are as follows: the distance between aircraft and the microburst core is 2,000m, the altitude H(0) = 100m, the speed Va(0) = 84⋅37ms -1 the flight-path angle γ ip (0) = 7°, the throttle T(0) = 0⋅8T max .
In the penetration of take-off manoeuver, it can be seen that the flight trajectory (Fig. 4) is smooth and stable under the NID control, the dive phase and climb phase are all clear and distinct. The flight altitude loss is not large before climbing, this result is available during penetration of take-off manoeuver. Meanwhile, after shifting atmosphere conditions; k′ C A is the coefficient icing factor that depends on the coefficient being modified and the aircraft specific information, here its term accounts for one aircraft due to its size, speed, or design being more susceptible to icing than other aircraft.
The icing severity parameter represents the severity of icing atmospheric condition, it is defined using the NACA0012 aerofoil as In this equation, the numerator is the drag rise on NACA0012 aerofoil at the current icing cloud conditions, the denominator is the drag rise on FAA Appendix C maximum continuous conditions on a three foot chord NACA0012 aerofoil (median volumetric diameter MVD = 20µm, V = 292⋅25km/h, LWC = 0⋅65g/m 3 , t =10min, atmosphere temperature T = -4°C). Unfortunately, this formulation does not sufficiently capture aircraft dependent properties to allow for an accurate determination of iced coefficient values since k′ C A has a relationship with both atmosphere conditions and aircraft, so aircraft icing parameter η and coefficient icing factor constant k C A were defined as Here k C A represents the change in an aircraft parameter C (A) with and without icing, it is constant for a given aircraft. By using this formulation, the aircraft specific chord, aerofoil, velocity and so on were adequately captured. Parameter η is calculated in the same way as the danger region of windshear, the airspeed increases to V ks (100ms -1 ). The angle-of-attack (Fig. 6 ) decreases with the aircraft's climbing, and it changes to a small positive angle and then oscillates slowly. Thus, this result is useful for flight safety because it avoids too large angle of attack that leads to stall. At the same time, the pitching angle (Fig. 7) slowly oscillates around 0°. In the view of energy (Fig. 8) , NID control law can make aircraft safer during penetration. The elevator angle (Fig. 9) oscillates slowly through the windshear range after a rapid decreasing at the first time, this result presents the NID control is available. The loading factor (Fig. 10 ) of aircraft increases slowly after small oscillation in initial time, and the value is in the range of 0⋅90~1⋅10 all the time. This result is good for aircraft configuration and passenger easiness. Moreover, this method has been applied to three different intensities in microburst, all the simulation results show that NID control can make aircraft survive under severe windshear. Figure 11 shows the drag coefficient ∆C d varies with n in conditions of AcE = 0⋅015 and AcE = 0⋅019. It can be seen from Fig. 11 that ∆C d rises linearly with n when n < 0⋅2, peaking at a value of n = 0⋅2, to climb, the aircraft climbs continuously and stably, it avoids that the aircraft loses too much airspeed and altitude stemming from too early climbing. The airspeed (Fig. 5) increases rapidly with the dive of aircraft, then it descends smoothly in microburst core and tail wind region. Following this, it increases rapidly again. When out of 
The ice accretion effect
Calculation of drag coefficient rise
Stability of the steady flight and control responses
Also using the aircraft as above, calculation conditions are: h = 3,000m, V = 136ms -1 , LWC = 0⋅65g/m 3 , n = 0⋅2.
Stability of steady flight results
The stability parameter and control anticipation parameter (CAP) of longitudinal mode of clean and iced aircraft are shown in Table 3 where λ sp and λ ph are eigenvalues of short period and phugoid mode, ξ sp and ξ ph are damping ratio of short period and phugoid mode, ω sp and ω ph are undamped circular frequency of short period and phugoid mode, T sp and T ph are period of short period and phugoid mode, T 1/2sp is time to half amplitude of short period mode. It obviously shows in Table 3 that as for iced aircraft, the period decreases for phugoid mode but increases for short period mode as compared with clean aircraft. The mode characteristics trend to be inconspicuous. It is noted that this icing condition has not too much influence on longitudinal mode according to these parameters. As compared with clean aircraft, the parameter CAP of iced aircraft increases. This indicates the control efficiency is lower than that of clean aircraft.
The eigenvalues of lateral mode with clean and iced aircraft are shown in Table 4 .
The result in Table 4 shows that as for iced aircraft, spiral mode is more stable while rolling mode and Dutch roll mode rapidly trend to be unstable, especially the mode characteristic of Dutch roll worsened distinctly.
Step control response results
The step response of elevator for clean and iced condition is shown in Fig. 13 . and descends linearly when n > 0⋅2. This shows the same trends as results in Ref. 9 and experimental results with only a little excess. The result shows that the equation used to calculate ∆C d and the method used to determine function g(n) are both reasonable.
Calculation of stability and control derivatives
Using the aircraft Twin-Otter as an example, the calculation conditions are as follows: flight altitude h = 1,999⋅5m, flight velocity V = 70⋅1ms -1 , aircraft icing parameter η = 0⋅2.
The critical stability and control derivatives of clean and iced aircraft are shown in Table 2 , the values k C A of are also obtained.
It obviously shows in Table 2 that the changes of derivatives are almost within a range of 15% between clean and iced configurations in that icing condition.
Calculation of flight envelope
Using a typical aircraft as a calculated example, the conditions are as follows: mass of aircraft m = 45,000kg, wing area s = 121⋅86m 2 ; altitude range is from 0m to 10,800m, LWC = 0⋅65g/m 3 , n = 0⋅2, exposure time t = 5min. The minimum and maximum level flight velocities are shown in Fig. 12 .
It can be seen from Fig. 12 that the flight envelope of iced aircraft reduces apparently, and the reduced extent rises as the altitude increases. Aircraft must fly within iced flight envelope in icing conditions to avoid possible accidents.
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Figure 12. The flight envelope for clean and iced aircraft. From the results of elevator step response in Fig. 13 , it can be seen that as compared with clean aircraft, the longitudinal responses are not so sensitive for iced aircraft. This conclusion is consistent to one from CAP result.
The aileron and rudder step responses for clean and iced aircraft are shown in Fig. 14. In this figure, in(1) represents aileron control input and in(2) indicates rudder control input.
The results of step responses from aileron and rudder input indicate that critical lateral control responses of iced aircraft are not so steady and show apparent oscillation as compared with clean aircraft. This is mainly due to the worsening of lateral rolling mode and Dutch-roll mode characteristics.
CONCLUSIONS
The aircraft characteristics during windshear penetration was studied by using control strategy based on NID method, it can be seen that the flight trajectories of aircraft are smooth and stable. The acceleration performance is good. The airspeed is high, and it can achieve the Vks rapidly. The angle-of-attack is small. NID controller makes 3. For iced aircraft, the flight envelope reduces apparently; the short period mode, the rolling mode and the Dutch-roll mode trend to be unstable, the characteristics of rolling mode and Dutch-roll mode worsen rapidly; the step response of elevator input is deficient and the lateral control responses tend to obvious oscillation.
The calculation of parameters η ice and and η is only based on ∆C d , so it is not accurate enough in some conditions which need high precision. Then there would be some improvements to be expected on the model for different study contents. More data needs to be collected from other sources and integrated into the model. 
